what is known already: Human cleavage stage embryos show high levels of chromosomal instability. What causes this high error rate is unknown, as mechanisms used to ensure proper chromosome segregation in mammalian embryos are poorly described. study design, size, duration: In this study, we investigated the pathways regulating CPC targeting to the inner centromere in human embryos. We characterized the distribution of the CPC in relation to activity of its two main centromeric targeting pathways: the Bub1-H2ApT120-Sgo-CPC and Haspin-H3pT3-CPC pathways.
Introduction
When cells divide, duplicated chromosomes (sister chromatids) have to be divided equally between the resulting daughter cells to ensure genome stability. Normally, errors in this process are rare, as cells are equipped with elaborate mechanisms that regulate and monitor chromosome segregation. Remarkably, chromosome aneuploidies are frequently observed in human preimplantation IVF embryos (Mantzouratou and Delhanty, 2011; Voet et al., 2011) . Some of these aneuploidies are of meiotic origin, but we and others have shown that most of them occur post-meiotically, as a result of errors during the cleavage divisions (Baart et al., 2006; Vanneste et al., 2009; Santos et al., 2010) . The proportion of aneuploid cells within an embryo subsequently declines towards the blastocyst stage (Ruangvutilert et al., 2000; Bielanska et al., 2002; Santos et al., 2010; Mantikou et al., 2013) , suggesting that chromosome segregation mechanisms are especially error-prone during the cleavage divisions. This high error rate has been compared with that reported in human cancer cells (Vanneste et al., 2009) , although the underlying molecular mechanisms contributing to errors during the cleavage divisions of human preimplantation embryos remain largely unknown.
At the onset of mitosis, chromatin is rearranged into mitotic chromosomes, and multi-protein structures called kinetochores are assembled on the centromeres. Accurate chromosome segregation is dependent on the ability of these kinetochores to capture microtubules of the mitotic spindle and subsequently form bipolar attachments. Anaphase onset is controlled by the ubiquitin ligase anaphase-promoting complex/cyclosome (APC/C), together with cell division control protein 20 (CDC20) (Kops et al., 2005; Chao et al., 2012; Eytan et al., 2013) . This complex initiates anaphase by targeting two proteins for degradation: Cyclin B that regulates cyclin-dependent kinase 1 (CDK1) and securing that protects sister chromatid cohesion (Oliveira et al., 2010) . Until bi-orientation of all chromosomes is achieved, anaphase is delayed by action of the mitotic checkpoint (MC), also known as the spindle assembly checkpoint. The MC is formed by the kinases monopolar spindle protein 1 (Mps1) and budding uninhibited by benomyl 1 (Bub1), the pseudo-kinase Bub1-related 1 (BubR1) and the nonenzymatic components mitotic arrest deficient 1 (Mad1), Mad2 and Bub3. These proteins are recruited to unattached kinetochores, where they catalyse the formation of the mitotic checkpoint complex (MCC), consisting of CDC20 together with Mad2, Bub3 and BubR1. The MCC is released into the cytoplasm where it inactivates the APC/C [for review, see (Foley and Kapoor, 2013; London and Biggins, 2014) ].
Chromosome attachment to the spindle is achieved through a stochastic trial-and-error process, whereby active destabilization of erroneous attachments is necessary to provide a new opportunity to attach in a bi-oriented fashion. Aurora B kinase is a key player in this mechanism of attachment-error-correction (van der Waal et al., 2012) . Aurora B belongs to a family of serine -threonine kinases that is conserved from yeast to humans. This kinase is a member of the chromosomal passenger complex (CPC), together with the Inner Centromere Protein (INCENP), Borealin and Survivin (Carmena et al., 2012; van der Waal et al., 2012) . However, in human cleavage stage embryos, the main kinetic subunit of the CPC is an alternative subunit called Aurora C kinase . Aurora C is capable of fully supporting mitotic progression in the absence of Aurora B in human somatic cells (Slattery et al., 2009 ) and mouse embryo development (FernandezMiranda et al., 2011) . Although the need for an alternative Aurora kinase remains poorly understood, Aurora C has been shown to have improved protein stability during the cleavage divisions in mouse embryos (Schindler et al., 2012) . In addition, the function of Aurora C seems to be distinct from Aurora B during female mouse meiosis I, where loss of Aurora C function results in erroneous microtubule attachments, but the MC and cytokinesis remain undisturbed (Balboula and Schindler, 2014) .
The mammalian CPC enriches at the inner centromere during prometaphase (van der Horst and Lens, 2014) . The inner centromere of the chromosome folds between the centromeres and within the pericentric heterochromatin (pHC). pHC is characterized by high levels of trimethylation on lysine residue 9 of histone H3 [H3K9me3; for review, see (Boyarchuk et al., 2011) ] and disruption of this signature is associated with chromosome instability (Peters et al., 2001) . H3K9me3 is known to recruit the three isoforms of heterochromatin protein 1 (HP1a, b and g), which are important for heterochromatin structure and function (Bannister et al., 2001) . During mitosis, phosphorylation of serine residue 10 on histone H3 (H3pS10) by Aurora B disrupts the HP1-H3K9me3 interaction and releases HP1 from chromatin (Hirota et al., 2005; Fig. 1a) . HP1a also undergoes mitosis-specific phosphorylation, resulting in a population of HP1a that remains at the inner centromere, independent of H3K9me3 and possibly by interacting with INCENP (Kang et al., 2011; Chakraborty et al., 2014) . This phosphorylated form of HP1a facilitates Figure 1 (a) Depiction of the models that explain the regulatory circuity in somatic cells of recruitment of the CPC to chromatin at prophase and early prometaphase, and enrichment at the inner centromere at late prometaphase. Aurora B phosphorylates serine residue 10 on histone H3 (H3pS10), dispelling heterochromatin protein 1 (HP1) from chromatin. Phosphorylation by Aurora B further activates Haspin and Bub1, and inhibits Repo-Man from binding to chromatin. Phosphorylation of histone H3 at threonine 3 (H3pT3) by Haspin acts to bring the CPC to chromosomes. The Survivin subunit of the CPC binds specifically to H3pT3. Furthermore, Bub1 phosphorylation of histone histone H2A at threonine 120 (H2ApT120) recruits Shugoshin (Sgo1). Sgo1 acts as a centromeric adaptor that binds the CPC via Borealin. Dephosphorylated Repo-Man binds to protein phosphatase PP1g resulting in the removal of H3pT3 from chromosome arms. Intersection of H3pT3 and H2ApT120 defines CPC localization to the inner centromeres at prometaphase. Arrows indicate phosphorylation, dotted lines indicate direct binding and arrow to bar indicates inhibition. See main text for further explanation. (b) Fresh tripronuclear (3PN) embryos were used to study the zygote and 2-cell stages, whereas surplus fresh or cryopreserved dipronuclear (2PN) embryos were used to study the 8-cell and blastocyst stages. NEB was monitored by time-lapse imaging to allow immediate incubation of prometaphase zygotes in medium containing colcemid, colcemid + 5-Iodotubercidin (Itu), colcemid + ZM447439 or MG132. Embryos at the 2-cell stage and later were incubated in medium containing colcemid in a standard incubator. All embryos were fixed with 1% PFA to obtain chromosome spreads on glass slides, unless stated otherwise. the localization of the shugoshin protein 1 (Sgo1), which is crucial for protecting centromeric cohesion and the prevention of premature sister chromatid separation (Yamagishi et al., 2008; Chakraborty et al., 2014) . Next to their role in cohesion protection, both shugoshin proteins Sgo1 and Sgo2 are essential for CPC localization, as they bind to Borealin (Kawashima et al., 2010; Tsukahara et al., 2010) .
During mitosis, the inner centromere shows further dynamic phosphorylation of histones, further promoting CPC recruitment and localization (Kawashima et al., 2010; Kelly et al., 2010; Tsukahara et al., 2010; Wang et al., 2010; Yamagishi et al., 2010) . It has been proposed that CPC targeting depends on two distinct histone modifications: phosphorylation of histone H3 at Thr 3 (H3pT3) by the kinase Haspin and phosphorylation of histone H2A at Thr 120 (H2ApT120) by Bub1 kinase ( Fig. 1a ; Yamagishi et al., 2010) . Bub1, a mitotic kinase that localizes to the kinetochores, phosphorylates histone H2A on centromeric heterochromatin, creating a binding site for Sgo1 and Sgo2 that in turn recruit the CPC through Borealin (Kitajima et al., 2005; Kawashima et al., 2010; Liu et al., 2013) . Since Aurora B activity is needed to recruit Bub1 to the kinetochore, a positive feedback loop is created in this Bub1-H2ApT120-Sgo-CPC pathway, ensuring CPC recruitment to the inner centromere (Wang et al., 2011; van der Waal et al., 2012) .
Phosphorylation of H3T3 by Haspin starts at late G2/early prophase and by late prophase it has spread along the chromosome arms. This mark recruits the CPC, as Survivin binds to H3pT3 (Kelly et al., 2010; Wang et al., 2010) . Phosphorylation of Haspin by Aurora B promotes full phosphorylation of H3pT3, creating a positive feedback loop between Aurora B and Haspin (Wang et al., 2011; Fig. 1a) . At prometaphase, H3pT3 disappears from the arms and enriches at the inner centromeres Yamagishi et al., 2010) . The dephosphorylation of H3pT3 at the chromosome arms is specifically regulated by the phosphatase activity of protein phosphatase PP1g together with its regulatory subunit Repo-Man (Qian et al., 2011) . Aurora B phosphorylates Repo-Man, thereby preventing its chromosomal targeting and supporting H3pT3 levels (Qian et al., 2013) . Repo-man also associates with the phosphatase PP2A, which opposes Aurora B phosphorylation of Repo-Man, thereby allowing the removal of H3pT3 from the chromosome arms during prometaphase (Qian et al., 2013) . These feedback loops between Aurora B and Haspin, as well as Aurora B and its opposing phosphatases regulate the levels of H3pT3 and ensure enrichment of the mark and the CPC at the inner centromere (van der Horst and Lens, 2014) . Mounting evidence also indicates that centromeric enrichment of the CPC through the Bub1-H2ApT120-Sgo-CPC pathway enhances the Haspin-H3pT3-CPC phosphorylation pathway and vice versa (Wang et al., 2011; van der Waal et al., 2012; Wang et al., 2012) . Thus, extensive and elaborate feedback mechanisms exist, resulting in precisely timed events leading to robust CPC localization to the inner centromeres.
Although the embryonic cleavage divisions are mitotic divisions, as opposed to the previous meiotic divisions, they differ from normal mitosis in many aspects (Clift and Schuh, 2013) . In mammalian zygotes, the paternal and maternal genomes exist in an asymmetric chromatin configuration, where only the maternal chromatin has high levels of H3K9me3 (Burton and Torres-Padilla, 2014) . For the paternal chromatin configuration, important species differences exist: in the mouse zygote, the paternal chromatin is mostly devoid of H3K9me3 and HP1, and pHC is formatted up to the 8-cell stage by an alternative mechanism involving the polycomb group proteins (Puschendorf et al., 2008) . In contrast, human paternal pHC is marked by H3K9me3 that was transmitted to the zygote by the sperm (van de Werken et al., 2014) . During the first mitotic division, these asymmetric chromosomes, derived from two different pronuclei, need to align on the same metaphase plate. As described above, pHC structure underlies chromosome segregation regulation. We therefore hypothesize that the parental asymmetry in the early embryo may require adaptations in the mechanisms regulating chromosome segregation.
In this study, we aim to explore if the epigenetic asymmetry and the presence of Aurora C kinase affect the pathways regulating CPC targeting to the inner centromere in human embryos. We characterized CPC localization in relation to activity of the Bub1-H2ApT120-Sgo-CPC and Haspin-H3pT3-CPC pathways. In addition, we explore the contribution of the H3K9me3/HP1a pathway to Sgo1 and CPC localization. Although our observations are mostly in line with the mechanisms described in somatic cells, the Haspin-H3pT3-CPC pathway is altered in zygotes and targeting of the CPC is less confined to the inner centromere. Furthermore, paternal and maternal chromosomes are differentially affected by interference with Haspin and Aurora kinase activity, leading us to hypothesize that the persisting Haspin activity on the arms is required for symmetrical CPC recruitment despite the underlying epigenetic asymmetry.
Materials and Methods

Ethical approval
The study was conducted between May 2012 and March 2014. The use of surplus embryos was approved by the Dutch Central Committee on Research Involving Human Subjects (CCMO NL38053.000.11) and the local institutional ethics committee.
Chemicals, reagents and inhibitors
All chemicals and reagents were from Sigma-Aldrich (USA) unless otherwise stated. The following inhibitors and concentrations were used: colcemid (1.5 mg/ml, Invitrogen, USA), MG132 (20 mM), 5-Iodotubercidin (Itu) (10 mM, Tocris Bioscience, UK), ZM447439 (2 or 20 mM, Tocris Bioscience). Colcemid was dissolved in culture medium. Stock solutions for all other inhibitors were prepared at a 1000× concentration in DMSO, so the final concentration of DMSO in the culture medium never exceeded 0.1%.
Culture, collection and treatment of human preimplantation embryos
Tripronuclear embryos (3PN) were used to study the first and second cleavage divisions (Days 1 and 2 post-fertilization). This type of abnormal fertilization occurs in 4% of all inseminated oocytes and these embryos are unsuitable for transfer to the patient due to their triploid constitution (Ulmer et al., 1985) . 3PN zygotes mostly originate from an oocyte that is fertilized by two spermatozoa, resulting in one maternal pronucleus and two paternal pronuclei (van der Heijden et al., 2009) . Since the first embryonic divisions are under maternal control (Vassena et al., 2011) and 3PN zygotes are capable of implantation, they provide a relevant model for the first stages of preimplantation embryo development (Avo van de Werken et al., 2014) . To study embryo developmental stages on Day 3 and Day 5, surplus fresh or cryopreserved diploid embryos donated for research were used (Fig. 1b) . Tripronuclear zygotes and surplus embryos were donated with written informed consent by couples undergoing routine IVF at the Erasmus MC University Medical Centre.
Embryo culture and assessment of embryo morphology were performed as described previously (Hohmann et al., 2003) . Embryos were cultured in G1 v5 PLUS medium (Vitrolife, Sweden) up to Day 3 after fertilization and from there onwards in G2 v5 PLUS medium (Vitrolife), according to the manufacturers' instructions. Cryopreservation was performed in straws using a slow freezing standard protocol and subsequent thawing was performed as described previously (Santos et al., 2010) .
Time-lapse imaging and treatment of zygotes and embryos
Tripronuclear human zygotes were transferred to a time-lapse embryo monitoring system (EmbryoScope TM , Unisense Fertilitech, Denmark) at 20 h post-insemination (hpi) (Fig. 1b) . This allowed monitoring of nuclear envelope breakdown (NEB), which marks entry into prometaphase. Zygotes were cultured individually in EmbryoSlides TM (Unisense Fertilitech) in 25 ml of G1 medium. In mouse embryos, metaphase plate formation occurs 30 min after NEB and the first mitotic division is completed after 2 h (Ciemerych et al., 1999; Sikora-Polaczek et al., 2006) . Our own time-lapse observations on human 3PN embryos have shown that the time interval between disappearance of pronuclei and completion of first cleavage was 2.83 + 0.73 h (n ¼ 46). We estimated that incubation of human 3PN zygotes for 2 h after NEB in G1 medium with colcemid would allow arrest at late prometaphase, whereas an incubation of only 30 min after NEB would correspond to early prometaphase.
All inhibitors were added to the culture drop within 5 -25 min after NEB (Fig. 1b) . For the experiments in which the effect of Haspin kinase inhibition was investigated, 3PN zygotes were incubated 1.5 h in colcemid, followed by incubation for 1 h in colcemid in combination with Itu. For the experiments in which Aurora kinase inhibition was investigated, 3PN zygotes were incubated for 2 h in colcemid in combination with ZM447439 (2 or 20 mM). All embryos were then processed for chromosome spreads, unless stated otherwise. To investigate the effect of colcemid treatment on our results, some zygotes were fixed after 30 min incubation in the absence of any inhibitor. To arrest zygotes at the metaphase stage, zygotes were incubated in G1 medium with MG132 for 3 h after NEB.
Embryos at the 2-cell stage and later were incubated in a medium containing colcemid in a standard incubator at 5.8% CO 2 in air. Tripronuclear 2-cell embryos were incubated in colcemid overnight. After thawing of cryopreserved embryos, Day 3 (8-cell stage) embryos were cultured for 1 -2 h and then incubated for 5 -8 h with colcemid for cell cycle arrest at prometaphase. Thawed Day 4 (morula stage) embryos were cultured for 24 h and embryos that had developed into blastocysts were then incubated for 5 -8 h with colcemid.
Single embryo RT-qPCR
Quantification of mRNA levels was performed in individual single tripronuclear zygotes and blastocysts obtained after culture of Day 3 or Day 4 cryopreserved embryos in G2 medium, without addition of any of the cell cycle inhibitors mentioned above. Zygotes and blastocysts were incubated in EmbryoMax w Acidic Tyrode's Solution (Millipore, Germany) for 1 -2 min for removal of the zona pellucida and rinsed in G-MOPS Plus medium (Vitrolife) before transfer to the lysis buffer solution provided in the Taqman w PreAmp Cells-to-Ct Kit (Applied Biosystems, USA). Lysis, preamplification and RT-qPCR were performed according to the manufacturer's protocol with minor adjustments, as described elsewhere (Avo . The following Taqman Gene Expression Assays were used: HPRT1 (Assay ID: Hs99999909_m1; amplicon size 100 bp); BUB1 (Hs00177821_m1; amplicon size 61 bp); GSG2, Haspin (Hs01072471_s1; amplicon size 89 bp); CDCA2, Repo-Man (Hs00299250_m1; amplicon size 93 bp), PPP1CC, PP1g (Hs01566021_m1; amplicon size 83 bp).
Results were analysed using the Sequence Detection Software version 1.2.3 (Applied Biosystems) and expressed as cycle threshold (Ct) values. Gene expression levels were normalized over HPRT1 gene expression, according to the 2 2DCT method (Livak and Schmittgen, 2001 ). Differences in BUB1, GSG2, CDC2A and PPP1CC expression between zygotes and blastocysts were analysed using the Mann -Whitney test performed with the GraphPad Prism software. A P-value of 0.05 was considered statistically significant.
Antibodies for immunostaining
The following antibodies were used in this study: mouse monoclonal antibodies against INCENP (1:1000, Upstate, Germany), HP1a (1:500, Euromedex) and Sgo1 (1:100, Abnova, Germany); rabbit polyclonal against H2ApT120 (1:2500, Active motif, USA), H3pT3 (1:1000, Upstate), Repo-Man (CDCA2) (1:200, Abcam, UK), H3pS10 (1:100, Cell Signaling, USA), H3K9me3 (1:500, Abcam) and HP1a (1:100, Bethyl Labs, USA); sheep polyclonal against Bub1 (1:100, a kind gift from G. Kops, The Netherlands); human anticentromere antibodies (CREST) (human centromere antiserum; 1:1000, Fitzgerald Industries, USA). Primary antibodies were detected by labelling with the appropriate secondary antibodies conjugated with Alexa fluor 488, 594 or 633 (1:200, Molecular Probes, USA).
Chromosome spreads and whole mount fixation of embryos
Before fixation, all embryos were subjected to zona pellucida removal with acidic Tyrode's solution (Millipore). Chromosome spreads of human embryos were prepared with 1% w/v paraformaldehyde (PFA) as described previously (Avo and used for all the stainings shown, with the following exceptions. For immunofluorescent analysis of HP1a, H2ApT120 and H3pT3 in zygotes at the pronuclear stage, and simultaneous detection of Sgo1 and H2ApT120, zygotes were fixed whole mount in 4% PFA as described . For immunofluorescent analysis of Repo-Man, zygotes and 8-cell embryos were fixed whole mount for 15 min at room temperature using pre-extraction medium containing 100 mM PIPES (pH 7.2), 5 mM MgCl 2 , 2.5 mM EGTA, 2% v/v formaldehyde and 0.1% v/v Triton X-100. Chromosome spread preparations were stored at 2208C, while whole mount-fixed embryos were stored in phosphate-buffered saline (PBS)/0.05% w/v sodium azide for a maximum of 3 months until used for immunostaining. For each embryonic stage and antibody investigated, 5 -12 embryos were analysed, unless otherwise stated.
Immunofluorescent imaging and antibody stripping
For immunofluorescence stainings, chromosome spreads and whole embryos were rinsed in PBS-T (PBS, 0.01% v/v Tween-20) and blocked with blocking solution [PBS-T, 2% w/v bovine serum albumin (BSA), 5% v/v normal goat serum (NGS)] for 30 min and incubated with primary antibodies at 48C overnight. After washing with PBS-T, chromosome spreads or whole embryos were incubated with the appropriate secondary antibodies for 1 h, washed with PBS-T and mounted with Vectashield mounting solution containing 750 ng/ml 4 ′ ,6-diamidino-2-phenylindole (DAPI) for DNA counterstaining (Vector Laboratories, USA). Images were obtained using a Zeiss Axio Imager M2 confocal laser scanning microscope, equipped with four diode lasers (405, 488, 555, 639) , an Axiocam camera and Zen 2009 software (all Carl Zeiss, Germany). Images were processed with Image J (version 1.42n) and the Adobe Photoshop CS3 (Adobe Systems, USA) software.
For antibody stripping of chromosome spreads, a western blot stripping buffer (Pierce Biotechnology, USA) was used as described (van de Werken et al., 2013) . After incubation of chromosome spreads with the stripping buffer for 3 min at RT, slides were washed twice in PBS-T before undergoing a second round of immunofluorescence.
Quantification of immunofluorescence and statistical analysis
Quantification of immunofluoresence on chromosome spreads of human embryos from the zygote to the blastocyst stage was carried out using ImageJ (version 1.42n) and using images obtained at identical illumination settings. For assessment of spreading of the stably bound pool of the CPC beyond the inner centromeric region, the length of the (peri)centromeric INCENP pool was measured and expressed relative to CREST signal length. To do so, a vertical line was drawn following the chromosome arms and perpendicular to the axis connecting the two sister centromeres. The lengths of the INCENP pool and CREST foci were measured in pixels along this line. The ratio of INCENP/CREST signal length was calculated for all chromosomes within each metaphase plate that were spread in a way that allowed accurate immunofluoresence quantification.
Statistical analyses were carried out using the GraphPad Prism software (GraphPad Software, USA). One-way analysis of variance followed by Bonferroni's multiple comparison test allowed comparison of INCENP/ CREST signal length at the zygote, 8-cell and blastocyst stages. A P-value of 0.05 was considered statistically significant.
For assessment of the localization and distribution of H2ApT120 and H3pT3 relative to INCENP, the Freehand Line Selection Tool in ImageJ was used to draw a line following the whole length of a representative chromosome. The line width was adapted to match chromosome thickness. The average pixel intensity of H2ApT120, H3pT3 and INCENP stainings registered along this line was determined using ImageJ and resulting values were plotted in graphs using Excel (Microsoft, USA).
To compare H3pT3 and H3pS10 levels between maternal and paternal chromosomes within zygotes, parental chromosome sets were identified using the differences in H3K9me3 levels. Mean intensities of H3pT3 and H3pS10 in maternal and paternal chromosomes were measured using Image J, and the ratio between the two parental areas was calculated.
Results CPC localization at prometaphase becomes increasingly restricted to the inner centromere during development to the blastocyst stage Our previous work studying CPC constitution in human preimplantation embryos suggested a difference in localization of the CPC in zygotes compared with blastocysts during prometaphase, with the CPC being less constricted to the inner centromeric area at the zygote stage (Avo . We aimed to explore and quantify this difference further during embryo development at the zygote, 8-cell and blastocyst stage (Fig. 1b) . During the previous study, we confirmed co-localization of INCENP with Aurora B and C in the human zygote and blastocyst, respectively. We therefore used immunofluorescence of INCENP to evaluate CPC localization relative to the inner centromeric region, as delimited by the height of the centromeres [detected by a human autoantibody against the centromere (CREST)]. We determined the size of the INCENP signal relative to CREST signal size on chromosome spreads of human embryos arrested at prometaphase with colcemid ( Fig. 2a) .
We observed a significant decrease of the relative size of the pool of INCENP stably bound to the inner centromeric region, when comparing the zygote with later stages of preimplantation embryo development. In zygotic prometaphases, INCENP was not confined to the inner centromere, but spread into the adjacent pericentric regions. At the blastocyst stage, however, INCENP was mostly confined to the inner centromeric region. These differences in INCENP localization were translated into a significantly higher mean ratio between the length of INCENP and CREST signals in the zygote compared with the blastocyst stage (Fig. 2b) . The mean INCENP/CREST length ratio in 8-cell embryos, although lower than in zygotes, was also significantly higher than in blastocysts. Together these results suggest that CPC localization at prometaphase becomes increasingly confined to the inner centromeres as embryo development progresses in time.
Normal localization of H2ApT120, Bub1 and Sgo1 in human preimplantation embryos
To investigate the mechanisms that determine CPC localization at the inner centromere in human zygotes, we first investigated the Bub1-H2ApT120-Sgo-CPC pathway. Immunolocalization of H2ApT120 together with INCENP was performed on colcemid-induced prometaphase chromosomes in zygotes, 8-cell and blastocyst stage human embryos. Similar to somatic cells (Kawashima et al., 2010) , phosphorylation of H2AT120 in all embryonic stages was strongly enriched at centromeric regions along the interkinetochore axis, but spreading to the pericentromere was also observed (Fig. 3a) . Quantification of H2ApT120 staining intensities along the whole length of representative chromosomes showed that peak intensities of H2ApT120 co-localized with those of INCENP (Fig. 3a) . To more accurately analyse H2AT120 phosphorylation dynamics during mitosis in zygotes, H2ApT120 was investigated by immunofluorescence at late G2-phase (zygotes at 20 h post-insemination with pronuclei still visible), early prometaphase (30 min after NEB) and at metaphase (3 h after NEB in the presence of the proteasome inhibitor MG132). H2AT120 phosphorylation was observed from late G2-phase until metaphase, with enrichment along the interkinetochore axis from early prometaphase to metaphase (Supplementary data, Fig. S1 ). CPC dynamics as observed by immunolocalization of INCENP followed the expected pattern: it was found to be present at pericentric regions at G2 phase and spread to the chromosome arms at prophase/early prometaphase. INCENP subsequently enriched at the pericentromere at late prometaphase/metaphase. Gene expression analysis of BUB1, the kinase responsible for phosphorylation of H2AT120, showed similar levels of relative mRNA expression in zygotes and blastocysts (Fig. 3b) . Consistent with these results and to what has been published before for somatic cells (Kitajima et al., 2004; Kitajima et al., 2005; Kawashima et al., 2010) , we readily detected Bub1 at the kinetochores (Fig. 3c) .
Recently, it was shown that before bi-orientation of chromosomes is achieved, two distinct pools of Sgo1 exist: one at the inner centromere, recruited by cohesins and another at the kinetochore, recruited by H2ApT120 (Liu et al., 2013; Nerusheva et al., 2014) . In human zygotes treated with colcemid (non-bioriented chromosomes), we observed Sgo1 as expected at both the kinetochore and inner centromeres, co-localizing both with Bub1 and H2ApT120 (Fig. 3c) .
Next to H2ApT120 and cohesins, in somatic cells HP1a is also implicated in Sgo1 recruitment (Yamagishi et al., 2008; Chakraborty et al., 2014) . Interestingly, early mouse embryos do not express HP1a until after implantation (Puschendorf et al., 2008; Wongtawan et al., 2011) . To investigate if HP1a has a role in Sgo1 recruitment in human embryos, we performed immunofluorescent analysis of HP1a in zygotes. At late G2 phase, we detected HP1a in an asymmetric pattern similar to H3K9me3, with high global levels on maternal chromatin and enrichment at heterochromatic regions at paternal chromatin [Fig. 3d, arrowheads (van de Werken et al., 2014) ]. In colcemid-arrested zygotes at early prometaphase, HP1a localization was observed to become unrelated to parental origin and to become weakly associated with the centromeric regions (Fig. 3d) .
Together, these findings suggest a functional Bub1-H2ApT120-Sgo-CPC feedback loop in both human zygotes and later embryonic stages investigated, including a role for HP1a in the recruitment of INCENP and Sgo1 (Kawashima et al., 2010; Yamagishi et al., 2010; Kang et al., 2011; Chakraborty et al., 2014) .
H3pT3 fails to enrich at the inner centromere on (pro)metaphase chromosomes in human zygotes
In somatic cells it has been shown that Haspin phosphorylates H3T3, providing a chromatin binding site for the CPC required for centromeric enrichment (Wang et al., 2011) . In HeLa and U2OS cells, phosphorylation of H3T3 becomes enriched at the inner centromere during prometaphase Yamagishi et al., 2010) . Similar enrichment was readily observed on colcemid-induced prometaphase chromosomes of 2-cell, 8-cell and blastocyst stage embryos (Fig. 4a) . However, on colcemid-induced prometaphase chromosomes in zygotes, immunolocalization of H3pT3 revealed ubiquitous phosphorylation on the whole length of the chromosome, without enrichment at the centromere (Fig. 4a) . To exclude an effect of incubation in colcemid or timing of fixation on this aberrant finding in zygotes, H3pT3 dynamics were further investigated in zygotes at late G2-phase, early prometaphase without spindle poison and at MG132 induced metaphase arrest (Supplementary data, Fig. S2 ). The absence of H3pT3 staining in late G2-phase zygotes indicates that H3T3 phosphorylation is probably initiated at the onset of mitosis as expected . Subsequently, ubiquitous phosphorylation of H3T3 was consistently observed on chromosomes at prometaphase and metaphase, without centromeric enrichment. Simultaneous detection of INCENP revealed pericentric enrichment at metaphase, although H3pT3 failed to enrich at centromeric regions.
In U2OS cells, the joint action of PP1g and Repo-Man was shown to dephosphorylate H3T3 during prometaphase, ensuring centromeric H3pT3 enrichment (Qian et al., 2011; Vagnarelli et al., 2011) . The persistent phosphorylation of H3T3 on the chromosome arms at prometaphase and metaphase in human zygotes is reminiscent of the phenotype of Haspin overexpression or Repo-Man knockdown (Qian et al., 2011) . As the balance between PP1g/Repo-Man and Haspin expression was demonstrated to be important for correct localization of the CPC, we analysed mRNA expression in human zygotes and blastocysts. Contrary to expectations, quantification of Haspin mRNA (GSG2) levels revealed low relative expression of Haspin in human zygotes, whereas Repo-Man mRNA (CDCA2) expression levels between zygotes and blastocysts were not significantly different (Fig. 4b) . However, this does not exclude the possibility of Haspin protein accumulation in the cytoplasm of human oocytes, as evidenced by the presence of H3pT3 on the chromatin. Immunodetection of Repo-Man showed similar levels of this protein on the chromosome arms of prometaphase-arrested zygotes, when H3pT3 is ubiquitous, and later embryonic stages, when H3pT3 is absent from the chromosome arms (Fig. 4c) . Interestingly, expression levels of PP1g mRNA (PPP1CC) were found to be significantly lower in the zygote compared with the blastocyst stage (Fig. 4c) . However, removal of H3pT3 from the chromosome arms appears to occur normally during mitosis at the 2-cell stage (Fig. 4a) . As transcription is limited to only a handful of genes between the zygote and the 2-cell stage (Vassena et al., 2011) , transcription activation of Repo-Man or PP1g in this interval is unlikely. The observed persistent phosphorylation of H3T3 on the chromosome arms of zygotes is therefore not likely to be explained by lack of Repo-Man or PP1g expression. During prophase, Aurora B phosphorylates Repo-Man, preventing its recruitment to chromatin. The phosphatase PP2A normally counteracts this phosphorylation during prometaphase, allowing the targeting of Repo-Man to chromosomes and the removal of H3pT3. Our findings suggest this mechanism to be altered in human zygotes, as centromeric enrichment of H3pT3 is not necessary for inner centromeric localization of INCENP in the zygote.
Haspin activity is needed for MC establishment and centromeric targeting of the CPC in the zygote
To further investigate the importance of Haspin-mediated H3T3 phosphorylation for CPC localization in human zygotes, we incubated zygotes with colcemid in combination with the Haspin inhibitor Itu (Fig. 1b) . Colcemid inhibits spindle formation and chromosome attachment, normally leading to prometaphase arrest due to sustained MC activity. Whereas human zygotes normally complete cytokinesis by 3 h after NEB, colcemid treatment induced cell cycle arrest for .24 h (Supplementary data, Fig. S3 ). However, when Itu was added directly after NEB, the presence of colcemid did not result in prometaphase arrest. Zygotes incubated with colcemid and Itu showed faster cell cycle progression and had cleaved already around 2 h after NEB (n ¼ 5; Supplementary data, Fig. S3) . A similar effect of Itu addition on mitotic progression was reported in HeLa and U2OS cells, reportedly caused by the inability of Aurora B to efficiently recruit the MC subunits Bub1 and BubR1 to kinetochores during prophase (De Antoni et al., 2012; Wang et al., 2012) . In analogy to this, Haspin activity appears to be similarly needed for MC establishment in the zygote.
To further study the effect of Haspin inhibition on CPC activity and localization, zygotes were first treated with colcemid for 1.5 h to induce prometaphase arrest and subsequently Itu was added. Immunolocalization of H3pT3 in these zygotes showed that Haspin inhibition at this stage results in a severe decrease of H3pT3 along the chromosome arms (Fig. 5a ) in comparison with zygotes arrested with colcemid only (Fig. 4a) . As levels of H3pT3 are already high on early prometaphase chromosomes in untreated zygotes (Supplementary data, Fig. S2 ), the observed decrease in H3pT3 levels in Itu-treated zygotes is probably secondary and due to existing phosphatase activity that is no longer counterbalanced by Haspin activity. Further, Haspin inhibition also resulted in a reduction of centromeric INCENP levels, with a more diffuse localization when compared with untreated zygotes (compare Figs 4a and 5a) . Aurora B/C kinase phosphorylates H3S10 along the chromosome arms, as shown in colcemid-treated zygotes (Fig. 5b) . Haspin inhibition by Itu addition at prometaphase does not obviously affect overall H3pS10 levels; however, different levels of H3pS10 were observed between chromosomes within a single prometaphase spread (Fig. 5b) . We hypothesized that this difference was related to the parental origin of the chromosomes. Therefore, after detection of H3pS10 and image analysis, we performed antibody stripping followed by a second round of immunostaining to detect trimethylation of H3K9 (van de Werken al., 2013) . This allows distinction between maternal (enriched for H3K9me3) and paternal (low levels of H3K9me3) chromosomes (van der Heijden et al., 2009) . Indeed, altered levels of H3pS10 after Itu treatment correlate with parental origin of chromosomes: mean immunofluorescent intensities on maternal chromosomes were 63% (+19%, n ¼ 7) of that on paternal chromosomes (Fig. 5b) . Thus, Haspin inhibition and/or the reduction in H3pT3 levels result in lower levels of Aurora B/C activity on maternal chromatin.
To determine the effect of Itu treatment during prometaphase on Bub1 activity, H2ApT120 was investigated. This mark was detected at the kinetochores, comparable with zygotes treated with only colcemid (compare Figs 3a with 5c ). This is in line with previous findings in somatic cells, where Haspin activity is important for recruitment of Bub1 to kinetochores, but not for Bub1 activity once it localizes to the kinetochore (De Antoni et al., 2012; Wang et al., 2012) . Notably, in the absence of H3pT3, the presence of H2ApT120 alone was not enough to fully target the CPC to the inner centromere. Altogether, these data show that Haspin-mediated H3pT3 is required for CPC localization, but centromeric enrichment of H3pT3 may not be.
Aurora kinase inhibition reveals a functional feedback loop between Aurora B/C and Haspin in zygotes
In somatic cells, the CPC binds to H3pT3, where in return Aurora B phosphorylates Haspin to promote further phosphorylation of H3T3 (Wang et al., 2011) . The same authors showed that this positive feedback loop is disturbed when cells are treated with the Aurora kinase inhibitor ZM447439 (ZM), which leads to reduced phosphorylation of endogenous Haspin and concomitant reduction of H3pT3. As Aurora C is the main kinetic subunit of the CPC in human zygotes, we investigated whether a similar feedback loop is active.
As ZM treatment inhibits all Aurora kinase activity (Ditchfield et al., 2003) , we are not able to distinguish Aurora B from Aurora C kinase activity. To test the effect of ZM treatment on Aurora kinase activity in zygotes, we first applied a concentration that is commonly used in somatic cells (2 mM ZM; Ditchfield et al., 2003) in combination with colcemid directly after NEB, and determined the levels of H3pS10 at late prometaphase. H3pS10 signal was high and well defined (Fig. 6a) , similar to what was observed in non-treated zygotes (Fig. 5b) . However, simultaneous detection of INCENP showed disturbed centromeric enrichment of INCENP with displacement to the chromosome arms (compare Figs 3a with 6a) . In addition, ZM treatment resulted in reduced levels of H3T3 phosphorylation on most, but not all chromosomes (Fig. 6a) . This reduction of H3pT3 levels after Aurora B/C inhibition indicates a functional positive feedback loop between Aurora B/C and Haspin in human zygotes, similar to what has been described in somatic cells.
Abolishment of H3pS10 reveals differences in Haspin activity and CPC recruitment on maternal and paternal chromatin
The high levels of H3pS10 and residual Haspin activity may indicate an insufficient level of Aurora B/C inhibition at 2 mM ZM. We next tested a concentration previously shown to efficiently abolish H3pS10 in mouse zygotes (20 mM ZM; Teperek-Tkacz et al., 2010) . At this concentration, a complete loss of H3pS10 was observed on human zygotic prometaphases (Fig. 6b) . This concentration also reduced H3T3 phosphorylation levels on all chromosomes, with a more severe reduction on a subset of chromosomes within a spread. INCENP localization reflected the asymmetric pattern of H3pT3: it was observed to locate along the arms on chromosomes with higher levels of H3pT3, whereas on the other chromosomes only some INCENP foci were observed (Fig. 6b) . Comparable with the effect of Haspin inhibition on H3pS10 levels, we investigated if the observed differences between chromosomes within one zygote after high concentration ZM treatment were related to their parental origin. Using a second round of immunofluorescence for H3K9me3, we observed that the effect of complete Aurora B/C inhibition on H3pT3 levels was less pronounced on maternal compared with paternal chromatin (Fig. 6b) : mean immunofluorescent intensities of H3pT3 on paternal chromosomes were 33% (+6%, n ¼ 4) of that on maternal chromosomes. Thus, in the presence of a concentration of ZM that abolishes H3S10 phosphorylation, maternally and paternally derived chromosomes have different levels of residual Haspin activity.
Notably, foci of accumulated INCENP did not localize to the inner centromere, but to H3K9me3-positive regions on the paternal chromosomes (arrows, Fig. 6b) . We have recently shown these regions to correspond to constitutive, pHC containing DNA Satellite II/III repeats in human zygotes (van de Werken et al., 2014) . In somatic cells, inhibition of Aurora B with the concomitant reduction in H3pS10, has been shown to result in the retention of HP1 proteins on mitotic chromosomes (Fischle et al., 2005; Hirota et al., 2005) . As in the absence of H3pS10, HP1 is not evacuated from the chromatin and remains bound to H3K9me3, we asked whether the observed asymmetric distribution of INCENP in ZM-treated zygotes was due to an association with H3K9me3-anchored HP1a. Indeed, after disruption of H3pS10 with ZM treatment, HP1a fails to redistribute and is detected at high levels in the same asymmetric distribution on the parental chromosomes as H3K9me3 and as observed at G2-phase ( Compare Figs 3d with 7a ). In addition, Sgo1 did not localize to the (inner) centromere after ZM treatment, but followed the same asymmetric pattern as HP1a and INCENP, with enrichment at H3K9me3 positive pericentric regions on paternal chromosomes ( Fig. 7a and b) .
ZM treatment was previously shown to also abolish phosphorylation of H2AT120 at the centromeres in U2OS cells (van der Waal et al., 2012) . However, our immunofluorescence analysis shows that in 7 out of 10 zygotes, ZM treatment did not abolish centromeric H2ApT120 (Fig. 7c) . Nevertheless, Sgo1 and INCENP still consistently failed to show centromeric enrichment indicating that H2ApT120 alone is not sufficient for their recruitment after Aurora B/C inhibition. These results are consistent with a role for HP1a in facilitating both Sgo1 and INCENP recruitment to chromatin.
Discussion
Cells of the early human embryo frequently mis-segregate chromosomes during cell division. What causes embryos to be so error-prone at this crucial stage during the formation of a new individual is largely unknown, as the mechanisms for chromosome segregation used by preimplantation embryos are poorly described. In this work, we aimed to explore CPC localization in human embryos and assess the functionality of the main kinase pathways regulating CPC targeting as described in somatic cells. By interfering in these pathways using specific kinase inhibitors, we demonstrate that they are functional in human cleavage stage embryos and we provide indirect evidence for a functional MC.
Similar to somatic cells, CPC localization in cleavage stage embryos follows phosphorylation of H3T3 and H2AT120. We also show that the feedback interactions between the three kinases are as expected: Haspin activity is crucial for Aurora kinase activation, and in turn Aurora kinase activity is needed for full Haspin activity. In addition, Aurora activity is needed for Bub1 recruitment, but not for Bub1 activity once properly located. Thus, the presence of Aurora C in zygotes does not seem to alter the described feedback interactions with Bub1 and Haspin (Fig. 8) .
However, we did observe an important difference in Haspin activity specifically in the zygote: phosphorylation levels of H3T3 on the chromosome arms remain high until metaphase (Fig. 8) . Notably, when persistent H3pT3 on chromosome arms is induced by either Haspin overexpression or phosphatase inhibition in somatic cells, this immediately results in severe CPC displacement to the chromosome arms (Dai et al., 2006; Qian et al., 2011) . Surprisingly, in zygotes pericentric enrichment of INCENP was already observed at early prometaphase, despite ubiquitous presence of H3pT3 on the arms. However, we did observe INCENP to be less confined to the pericentromere and we hypothesize that the persisting H3pT3 levels on the arms does interfere with precise CPC targeting.
The CPC is a key player in ensuring accurate chromosome attachment and alignment and also has a function in localizing and sustaining MCC activity. In all model organisms studied, the CPC becomes increasingly Figure 8 Schematic representation of the main findings, highlighting the altered CPC targeting pathways in zygotes. The distribution of heterochromatin protein 1 (HP1), Shugoshin (Sgo1) and INCENP at the G2 phase-prophase transition follows the epigenetic asymmetry for trimethylation of histone H3 at lysine 9 (H3K9me3) on maternal and paternal chromosomes. During prometaphase, the asymmetry for H3K9me3 remains, but HP1a, Sgo1 and INCENP redistribute in a symmetric fashion by the action of the mitotic kinases. The Haspin-phosphorylation of histone H3 at threonine 3 (H3pT3)-CPC pathway remains active on the chromosome arms until metaphase, while the CPC is enriched around the pericentromeric area. Phosphorylation of histone H3 at threonine 120 (H2ApT120) alone seems insufficient for CPC localization, suggesting the existence of additional recruitment factors, where HP1a is a candidate for X. See Discussion for further details.
enriched at the inner centromeric region during prometaphase of normal mitosis. This enrichment is important for its proper function, as experimentally induced CPC displacement results in chromosome alignment defects (van der Horst and Lens, 2014) . Even subtle displacement of the CPC, as observed on chromosomes carrying a neocentromere and the concomitant lack of the typical pHC epigenetic signature, appears to affect the efficiency of such a chromosome to form bipolar attachments and align at the metaphase plate (Bassett et al., 2010) . However, the importance of (inner) centromeric CPC enrichment has been recently questioned in budding yeast (Campbell and Desai, 2013) , where each kinetochore attaches to a single microtubule. Human kinetochores attach to several microtubules, creating the possibility of one kinetochore to attach to both spindle poles (merotelic attachment). It is hypothesized that centromeric CPC enrichment may be specifically needed for efficient resolution of merotelic attachments (van der Horst and Lens, 2014) . This type of erroneous attachment is not sensed by the MC and leads to anaphase lagging event (Cimini et al., 2001) . Interestingly, analysis of the type of chromosomal abnormalities observed within human preimplantation embryos shows them to be most frequently consistent with anaphase lagging events (Coonen et al., 2004; van Echten-Arends et al., 2011; Mantikou et al., 2012; Capalbo et al., 2013) . It is thus tempting to speculate that the 'sloppy' CPC localization we observe here may contribute to an increase in merotelic attachments that escape correction, thus leading to chromosome missegregation.
Owing to experimental limitations when working with human embryos, we were unable to resolve the underlying mechanism for persisting H3pT3 on metaphase chromosome arms. Net levels of H3pT3 are determined by the equilibrium between the phosphorylating activity of Haspin and the dephosphorylating activity of Repo-Man, together with the phosphatase PP1g. Recruitment of Repo-Man-PP1g to chromosome arms is opposed by the presence of Aurora B during prophase/ early prometaphase, but it is recruited to chromosome arms as the CPC becomes centromerically enriched ( Fig. 1a ; Qian et al., 2011 Qian et al., , 2013 . Our results show similar levels of Repo-Man on chromosome arms in prometaphase-arrested zygotes and 8-cell embryos. This may indicate that dephosphorylation dynamics may not be different between these stages, but that the persistent high levels of H3pT3 are the consequence of sustained Haspin activity on chromosome arms in human zygotes. Recent reports identified three different kinases to be involved in increased activation of Haspin: during interphase it is initially phosphorylated by Cdk1, followed at prophase by Polo-like kinase 1 (Plk1) and subsequently Aurora B (Ghenoiu et al., 2013; Zhou et al., 2014) . It is not known if during prometaphase Haspin is subsequently dephosphorylated/deactivated at the chromosome arms to ensure centromeric enrichment of H3pT3.
Cohesion between sister chromatids, mediated by proteins called cohesins, is essential for accurate chromosome alignment, but needs to be resolved at anaphase onset. In vertebrate cells, cohesins are removed during mitosis in two steps (Waizenegger et al., 2000) . Cohesins are removed from chromosome arms during prophase, while centromeric cohesins are protected from this removal by a mechanism involving Sgo1 until they are cleaved by the protease Separase at anaphase onset. Cohesin removal during prophase involves phosphorylation of cohesins and the cohesion binding protein Sororin, involving the same mitotic kinases responsible for activating Haspin (Cdk1, Plk1 and Aurora B) ( Nishiyama et al., 2013) . Interestingly, overexpression of Haspin and concomitant persisting high levels of H3pT3 on chromosome arms is associated with persistent arm cohesins during prometaphase in HeLa cells (Dai et al., 2006) . In our series of both prometaphase and metaphase chromosome spreads prepared from human zygotes, we consistently observed chromosomes with closed chromosome arms (Supplementary data, Figs S1 and S2), as opposed to chromosomes with the typical X-shape observed at later developmental stages (compare stages in Figs 3 and 4) . This observation indicates persistence of chromosome arm cohesins until zygotic metaphase and is in line with similar observations in mouse zygotes (Tachibana-Konwalski et al., 2010) . We hypothesize that the persisting high levels of H3pT3 on chromosome arms may have a role in protecting arm cohesins from the prophase removal pathway, although the purpose of this odd phenomenon and its consequences for chromosome segregation remain unknown.
When H3pS10 was completely abolished by inhibition of Aurora B/C, an asymmetry in H3pT3 levels between chromosomes of maternal and paternal origin was revealed. Maternal H3K9me3-rich chromosomes were able to attract higher levels of residual H3pT3 on the chromosome arms, whereas H3pT3 foci co-localized with the few H3K9me3-positive regions of constitutive HC on paternal chromatin. Owing to the lack of specific antibodies for Haspin, little is known about Haspin localization and how it is targeted to chromatin . Our findings suggest an association of Haspin with constitutive heterochromatin. This is in line with recent findings suggesting the cohesin binding protein Pds5B to promote cohesion establishment and maintenance at pHC. In addition, Pds5B was also found to be required for Haspin recruitment (Carretero et al., 2013) . Alternatively, maternal chromatin contains higher levels of HP1a and may thus be able to recruit higher levels of CPC proteins through the HP1a-INCENP interaction (Fig. 8) . This may lead to higher levels of residual Aurora B/C activity able to activate Haspin on maternal chromatin. However, when abolishing H3pT3 by inhibiting Haspin activity, we observed lower levels of H3pS10 on maternally derived chromatin. Although we have no conclusive explanation for this phenomenon, our findings illustrate the importance of full Haspin and Aurora B/C activity in ensuring accurate CPC localization in the face of the epigenetic parental asymmetry present in the zygote. It is thus conceivable that the observed persisting Haspin activity during prometaphase is an adaptation to the asymmetry. It is further conceivable that oocyte quality or culture condition-related disturbances in Aurora B/C or Haspin kinase activity have differential effects on maternal and paternal chromosomes. As H3K9me3-rich maternal chromatin appears to have an advantage in recruitment of INCENP and Haspin, CPC recruitment to paternal chromosomes may be more easily compromised under conditions of suboptimal mitotic kinase activity. This may render paternal chromosomes more prone to attachment errors and mis-segregation, a question that is currently under investigation.
We observed that inhibition of Aurora and Haspin kinase at prometaphase did not affect Bub1 activity at the kinetochore, and H2AT120 phosphorylation was consistently observed at the centromeres. However, under these conditions this mark alone was not sufficient for full centromeric CPC enrichment, suggesting the existence of additional recruitment mechanisms. H2ApT120 normally ensures CPC localization through recruitment of Sgo1. Research in somatic cells suggests that recruitment of INCENP and Sgo1 by HP1a at interphase is needed for their subsequent centromeric recruitment at prometaphase, but this matter is still under debate (Kang et al., 2011; Higgins, 2013; Chakraborty et al., 2014) . Under high ZM conditions, where H3pS10 was completely abolished in human zygotes, HP1a remained localized to H3K9me3, and did not relocate to the centromeric region at prometaphase. Both Sgo1 and INCENP remained co-localized to H3K9me3/HP1a, suggesting that these proteins bound directly or indirectly to H3K9me3-anchored HP1a. These findings support a role for HP1a in recruitment of INCENP and Sgo1 at interphase and indicate that displacement of HP1a through Aurora kinase activity is needed to enable relocation of INCENP and Sgo1 to the centromeric region.
Using a more accessible model such as mouse embryos would enable more conclusive experiments. However, chromosome segregation regulation in mouse embryos may not be representative, as mouse embryos have very low spontaneous mitotic error rates (Tateno et al., 2011) . Also, in the mouse zygote alternative mechanisms are used to format paternal pHC that do not rely on the H3K9me3 pathway (Puschendorf et al., 2008) . As mouse embryos also lack HP1a expression (Puschendorf et al., 2008) , it is likely that different mechanisms have evolved for INCENP and Sgo1 recruitment. Therefore, despite the ethical and practical limitations, this study yields valuable insight into the possible origins of human embryo aneuploidy that could not have been obtained by the study of mouse embryos.
Our findings indicate differences in the dynamics of the Haspin-H3pT3-CPC feedback loop and H3pT3 dephosphorylation by Repo-Man/PP1g during prometaphase in human zygotes compared with later embryonic stages and normal mitosis (Fig. 8) . It is conceivable that the observed persisting Haspin activity is an adaptation needed to ensure symmetric CPC recruitment, despite the parental epigenetic asymmetry. As the removal of H3pT3 from the chromosome arms during prometaphase normally contributes to further centromeric enrichment of the CPC in somatic cells (Qian et al., 2013) , we hypothesize that this adaptation may come at a price concerning accurate CPC targeting in zygotes. However, further research is needed to what extent the differences we observed in CPC localization affect the prevention and/ or correction of erroneous attachments. In future studies, it will be interesting to assess if the error correcting ability of the CPC is compromised in the zygote and if differences exist in this aspect between maternal and paternal chromosomes.
Supplementary data
Supplementary data are available at http://humrep.oxfordjournals.org/.
